INTRODUCTION
Spherulites are composite structures made up of crystalline and amorphous regions in which the crystalline regions or crystallites are arranged in an essentially radial fashion with respect to a center of growth. This characteristic arrangement results in an extinction pattern in the shape of a Maltese cross when viewed between polarizing elements.
Many partially crystalline samples of nylon have a milky appearance, and the absence of this milkiness is sometimes cited as evidence of an amorphous struct,ure. Actually, the crystallites in nylon are too small to scatter visible light. The milkiness is due to the presence of spherulites. Optical clarity does not necessarily mean that a specimen is entirely amorphous, but only that it contains no spherulites large enough to scatter light or be seen with a microscope. To a considerable extent, per cent crystallinity and spherulitic texture can be varied independently.
Except when it is prepared as thin filaments or films and rapidly quenched from the melt, nylon 66 (polyhexamethylene adipamide) always contains spherulites. If the polymer is injection-molded into a relatively cold mold, a skin, up to 0.005 in. thick, is formed which contains no visible spherulites.
Reding and Brown' have discussed the effect of spherulites on the properties of polychlorotrifluoroethylene. Working with filaments 0.080 in. in diameter, they found that the samples became more brittle when treated under conditions which produced spherulites, particularly large ones.
In an earlier paper2 we reported that spherulites do not adversely affect the toughness of nylon as measured by impact strength unless their diameter is an appreciable fraction of the thickness of the * Presented at the 133rd National Meeting of the American Chemical Society, Division of Polymer Chemistry, San Francisco, California, April, 1958. specimen. This paper will discuss in more detail the effects on certain mechanical properties due to the presence of spherulites and variations in spherulite size.
PROPERTIES OF INJECTION MOLDINGS
Test specimens were injection-molded with a 1-02. Watson-Stillman machine from nylon 66 having a number-average molecular weight of about 17,000. The molding conditions are given in Table I . Some of the specimens for the tensile stress-strain (ASTM Method D 638) and flexural modulus (ASTM Method D 790) tests were annealed in ((Glycowax" S-932 at 175OC. for 30 min. to reduce molded-in stresses and point-to-point variations in crystallinity, particularly at the surfaces. This treatment did not alter the spherulite structure. Specimens for the tensile impact and brittleness temFerature tests were not annealed. Other specimens were exposed to 53% R.H. a t 75OC. for two weeks before testing to give them the same moisture content they would have at equilibrium with 50% R.H. a t 23°C. 3 One was a normal sample of polymer containing no additives. Moldings from this sample contained spherulites 25-30 p in diameter. The other sample contained 0.250/, of a nucleating agent and produced moldings with spherulites about 2 p in diameter. The results of various physical tests on these samples are given in Table 11 .
Two polymer samples were used. Almost any finely divided material may act as a nucleating agent for nylon 66. Additional nuclei may be introduced during remolding. A sample of nylon 66 was molded into test bars which were then cut up and remolded several times. Each time the spherulites became smaller, as is shown in Table  111 . The flexural modulus of the bars containing small spherulites was about 10% higher than that of specimens with large spherulites when tested dry a t 23OC., but this difference decreased and disappeared as the temperature or the water content was increased. The samples with small spherulites also exhibited a higher upper yield stress, a lower ultimate elongation, and a marked tendency to break at the point where most specimens neck-down and begin t o cold-draw. These effects also diminished with increasing temperature or water content.
The flexural creep, fatigue endurance limit, tensile impact strength, and hardness were the same for the two samples within the limits of experimental uncertainty. However, the brittleness temperature of the polymer with large spherulites was considerably lower.
To show whether the effect on the tensile properties might be due to the presence of foreign particles, 0.9% titanium dioxide (not a powerful nucleating agent) was added. Moldings from this composition had a yield point of 12,100 psi, compared with 13,700 psi when only 0.25% of a nucleat-ing agent was used. Therefore, nucleating agents produce a more pronounced effect than foreign particles per se. A comparison of Table I1 with  Table 11 of Reference 2 shows that differences in per cent crystallinity can account for only about one-fifth of the differences in stiffness and yield point between sample having large and small spherulites.
EFFECT OF SPHERULITES ON THE YIELD POINT
Since variations in spherulite size seemed to have the largest and most reproducible effect on the yield point or upper yield stress of dry specimens tested a t 23OC., this property was chosen for more detailed study.
The effect of the presence of visible spherulites on the relationship between the yield point of nylon 66 films and per cent crystallinity as measured by density5 is shown in Figure 1 . The films without visible spherulites were quenched from the melt in Dry Ice-heptane and then annealed at temperatures from 100OC. to 250°C. in the manner described in an earlier paper.2 Spherulitic films were melted in a press at 290°C., transferred rapidly to a second press which was maintained a t a temperature from 5OOC. to 225OC., and held there for 15 minutes. This has been called "hot quenching." The spherulites in the hot-quenched films were somewhat larger than those seen. in specimens injection molded from the same polymer. They varied from about 35 p in diameter for films quenched at 5OOC. to about 65 p in diameter for films quenched at 225OC. The most common size range was 50-60 p . Films made from polymer containing a nucleating agent had somewhat smaller spherulites. These films were completely spherulitic. The spherulites in both films and bars impinged on each other without leaving any nonspherulitic interstices.
It is seen in Figure 1 that the yield points of spherulitic films are considerably higher than those of films without visible spherulites and are not dependent on the per cent crystallinity. The scatter is caused by variations in spherulite size. The effect of spherulite size on the yield point is shown in Figure 2 . Both films and injection moldings are included. These samples were from 45% to 52% crystalline. As the spherulite size decreases (i.e., the number of spherulites increases), the yield point increases. The yield point varies linearly with the square root of the number of spherulite boundaries per millimeter. Extrapolating this relationship to zero spherulite boundaries gives the same yield point as that of samples containing no visible spherulites. This is strong evidence that the films which had been quenched from the melt in Dry Ice-heptane and then annealed were actually nonspherulitic. Of course, the possibility remains that other procedures might produce spherulites below the limit of optical resolution.
COMPARlSON OF NYLON WITH METALS
A yield point similar to that found in nylon has been observed in mild stee16J and in samples of iron, molybdenum, cadmium, and zinc containing small amounts of nitrogen.s In these metals, the crystalline grains appear to have an effect which is similar to that of the spherulites in nylon. The yield point increases as the grain size is r e d~c e d .~ As the temperat'ure is raised, this effect becomes less, just as does the effect of spherulite size in nyl~n.~~'O Gensamer et al." state that in steel the strength indices vary linearly with the log of the aggregate size. Ha1112 applied the same relationship to the lower yield stress in steel that is used for the yield point of nylon in Figure 2 . His curve extrapolated to a single crystal while ours extrapolates to nonspherulitic polymer. In each case there are no boundaries between grains or spherulites.
The mechanism by which the grain size affects the yield point and other properties in metals is thought to involve dislocations at the grain boundaries and interferences between grains which increase the stress required before plastic slip can occur.
It is not clear to what extent these ideas may be applied to high polymers. Since a spherulite boundary is a discontinuity between two patterns of oriented crystallites, some analogy with metallic grain boundaries seems possible.
In steel sheet, ductility is frequently improved by reducing the grain size, but in our work thus far on injection moldings of nylon, the opposite has been true. It is not surprising that the similarity between the two materials breaks down for larger deformations because that is where the role of the long molecular chains in nylon should be most evident.
